1. Introduction {#sec1}
===============

Burns are complex inflammatory or necrotic damages of both the layers and tissues exposed to the action of different energies which occur after exceeding the protective capabilities of the organism. The healing process of burn wounds with the loss of tissue and infection of the damaged place occurs by granulation. Healing of burn wounds is a complex, biologic process, based on the replacement of the damaged tissue with a living one \[[@B1], [@B2]\]. Restoring tissue integrity is the result of cell interactions (platelets, neutrophils, monocytes/macrophages, fibroblasts, endothelial cells, and keratinocytes) and such extracellular matrix (ECM) components as, fibronectin, glycosaminoglycans (GAGs), proteoglycans (PGs), thrombospondin, tenascin, vitronectin, and collagens \[[@B1], [@B2]\]. Regardless of the manner of the healing, it always consists of four subsequent stages: homeostasis, inflammation, proliferation (replication and synthesis), and remodeling \[[@B3], [@B4]\]. The key element of the burn wound healing is to achieve the balance between the processes of biosynthesis and the ECM components degradation. The essential role in the discussed process is played by matrix metalloproteinases (MMPs) which constitute a group dependent on endopeptidases\' cycle synthesized in the cells and released in the extracellular space in an inactive form (proMMPs). The activity of the enzymes in question is precisely regulated on the transcription level \[[@B5]--[@B7]\], as well as in the postsynthetic modification of the mentioned proteases occurring with radicals. Moreover, radicals play an important role in the modification of extracellular components participating in the healing process, that is, glycosaminoglycans, collagens, and noncollagenous glycoproteins. As it has been shown in the study, the consequence of the influence of the thermal factor in the wound bed matrix filling in the damaged skin is the process of intensified synthesis of radicals. Thermal injury of the skin is a common traumatic oxidation injury that results in a local tissue damage and a systemic inflammatory response. Both of the abovementioned changes are related to the increased radical formation. As a result of the tissue damage, different sources of oxygen radicals become activated. The greatest source of reactive oxygen species and radicals in the burn injury is the xanthine oxidase-mediated reactions producing both superoxide radical and hydrogen peroxide during traumatic conditions \[[@B2]--[@B5]\]; however, the evidence exists that the neutrophil-mediated radical production may be more pronounced than xanthine oxidase in ischemia-reperfusion injury during burn tissue damage \[[@B8]\]. The role of oxygen radicals as causative agents in the local wound response as well as in distant organ injury is well documented \[[@B9]\]. Oxygen radicals take part in many metabolic processes, acting as harmful agents to proteins, DNA, and RNA causing deteriorative oxidative damage. In the early stages of the systemic inflammatory process in the course of burn healing, radicals exert their actions via the activation of such nuclear factors as NFkB or AP-1 and induce the local synthesis of inflammatory cytokines such as TNF*α*, Il-1b, Il-6, Il-8, and Il-10 \[[@B10], [@B11]\]. Radicals also act as important mediators of the systemic inflammatory response. The evidence exists that radicals are necessary for the proper healing of skin wounds helping to enhance the repair process \[[@B12]\]. However, the role of radicals in burn wound repair is still little explored.

The numerical analysis of the lineshape of the electron paramagnetic resonance (EPR) spectra was performed to find different groups of radicals in the burn wounds. Different types of thermally formed radicals in skin and tissue revealed characteristic EPR signals, which were identified. The aim of this study was the application of numerical procedures to multicomponent microwave absorption curves to obtain information about the number of different groups of radicals in the burn wounds. This work was the continuation of our earlier comparative EPR studies of different groups of radicals in the burn wounds treated with the propolis and silver sulphadiazine salt \[[@B13]\]. The advanced modern numerical procedures were used.

2. Experimental {#sec2}
===============

2.1. Samples {#sec2.1}
------------

The study protocol was approved by the Regional Ethics Committee for Experiments on animals of the Medical University of Silesia. The experiments were conducted in the Central Experimental Animal Quarters of the Medical University of Silesia. The Polish Landrace pigs were kept in uniform zoohygienic conditions both before and during the experiment. The animals were fed with a balanced mixture R 233 in the full physical and mental comfort eliminating the stress reactions. The skin burn wounds were inflicted according to Hoekstra\'s model \[[@B14]\]. In the study, three 16-week sows weighing about 35-40 kg were used. After the former premedication (0.06 mg/kg bw atropine sulfate sc., 1 mg/kg bw ketamine hydrochloride iv., and 1 mg/kg bw xylazine hydrochloride iv.), the pigs were subject to general anesthesia with 5 mg/kg bw thiopental sodium salt iv. After achieving deep analgesia, each animal was inflicted with burn wounds sized 1.5 cm × 3 cm by applying for 20 seconds lancerton D with an electrode preheated to 170°C (in symmetrical gaps, 9 on both sides). The study material was constituted by tissue samples (collected in triplicates) from the area filling the wounds on the 3rd day after the thermal damages. The obtained tissue material was frozen and stored in the temperature of −75°C until the biochemical analysis. At the beginning of the study, the biologic material was technically treated and preliminarily disintegrated and weighed. The prepared tissue samples were homogenized in acetone with a mechanical homogenizer (30,000 RPM, 4°C, 30 minutes) until obtaining a homogenous suspension. The abovementioned procedure allowed a simultaneous degreasing of the samples. The tissue homogenates were dried to constant mass and weighed again \[[@B14]\].

2.2. EPR Measurements {#sec2.2}
---------------------

The EPR spectra of the burn wounds located in the thin-walled glass tubes with the external diameter of 3 mm were measured at room temperature by the use of an X-band (9.3 GHz) electron paramagnetic resonance spectrometer of the Radiopan Firm (Poznań, Poland) with magnetic modulation of 100 kHz. The mass of the samples in the tubes was obtained by weight of Sartorius Firm (Germany). The mass of the burn wounds samples was calculated as the difference between the mass of the tube with the sample and the mass of the empty tube. The high-paramagnetic purity characterized the tubes and they were of the EPR signals in the measurement conditions.

The total microwave power produced by klystron in the microwave bridge of the EPR spectrometer was 70 mW. The EPR spectra were recorded without microwave saturation effects with the low microwave power equal to 2.2 mW. This low value of microwave power corresponded to the high value of attenuation equaling 15 dB, according to the formula \[[@B15], [@B16]\] $$\begin{matrix}
{attenuation\mspace{9mu}\left\lbrack {dB} \right\rbrack = 10\ \lg\left( \frac{M_{o}}{M} \right),} \\
\end{matrix}$$where *M~o~* is the total produced microwave power (70 mW) and *M* is the microwave power used during the EPR measurement. Microwave frequency (*ν*) was directly measured by MCM101 recorder produced by EPRAD Firm (Poznań, Poland).

The EPR spectra were measured as the first derivative of microwave absorption. The Rapid Scan Unit of Jagmar Firm (Kraków, Poland) was used as the data acquisition system. The professional spectroscopic program of the Jagmar Firm and LabView program (USA) was applied.

2.3. The Numerical Analysis of the Lineshape of the EPR Spectra {#sec2.3}
---------------------------------------------------------------

The lineshape of the EPR spectra of the burn wounds were numerically analyzed. The spectra were fitted by single lines and by the sum of two and three lines. The lines with Gaussian and Lorentzian shapes were used. The experimental EPR spectra of the burn wounds were fitted by theoretical lines as a superposition of two Gaussian lines (GG), two Lorentzian lines (LL), and by the sum of Gaussian and Lorentzian (GL) lines. The experimental spectra were fitted by the sum of three Gaussian Lines (GGG), three Lorentzian lines (LLL), two Gaussian lines and one Lorentzian line (GGL), and one Gaussian and two Lorentzian lines (GLL). The best fitting of the experimental EPR spectra of the burn wounds was recognized as the one giving the lowest value of the standard deviation (*S*).

The linewidths (Δ*B*~pp~) and the percentage fractions of each component\'s line in the total EPR spectrum were determined. The fraction of the individual lines in the total spectrum was obtained as the percentage fraction of the integral intensity of these component\'s lines in the integral intensity of the total spectrum.

The numerical procedure of the spectroscopic analysis is described below. The analysis of the complex signal, which is given as a time series *f*~*r*~(*x*), *x* = 1*. N* represents a discrete set of function values within domain (−5, 5) and time step ∆*x* = 10^−3^. The best match of *f*~*r*~ function using *f*~*p*~ function defined as a composition of basic functions was searched. The first derivative of microwave absorption function for radicals was taken into account. The signal was filtered before approximation and its reference point (0,0) was defined.

Filtering of the signal was performed by moving an average filter and the filter based on fast Fourier transformation (FFT) \[[@B17], [@B18]\]. The signal changes were minimized by the use of the Fourier filter based on the frequency domain. The filter removes the frequencies with the amplitude value below the threshold of 0.05. The strongest signal was observed for the lowest frequencies. The filter removes the signal above 15 Hz.

The reference point (0,0) was found by defining a horizontal and vertical shift of a filtered signal *f*~*r*~ according to *x*- (by *dx* value) and *y*- (by *dy* value) axes. To find the reference values, the following rules were used: (a) the sum of values of samples separated by *x*-axis is close to 0, and (b) the absolute value of the sum of function from left side of *y*-axis plus the absolute value of the sum of function from the right side of *y* were maximized. Finally, the filtered and shifted *f*~*r*~ function is processed by the approximation algorithm. The Gaussian and Lorentzian functions were selected to the approximations. The genetic algorithm with \[[@B19]\] the conjugate gradient method was used \[[@B20]\].

3. Results and Discussion {#sec3}
=========================

Radicals and other paramagnetic molecules play an important role in both physiological and pathological conditions. Radicals are formed in burn wound matrix in thermolysis processes \[[@B21]\]. As a result of high-temperature effects, the chemical bonds are broken in the molecules of skin structures and, as a result, the molecules with unpaired electrons appear \[[@B22]\]. It is expected that different types of radicals are formed in the skin. Because of the contents of unpaired electrons, these molecules or molecular fragments are reactive and unstable units. They may cause major biochemical reactions in the skin and in the neighboring tissues \[[@B23]\]. These molecules can also be a pivotal factor mediating systemic disturbances characterizing burn injury \[[@B24]\]; however, the exact role and impact of radicals formed during thermal skin injury still remains unclear.

Different groups of radicals in the skin burn wounds have been found in our study.

The experimental EPR spectrum of the burn wounds is shown in [Figure 1](#fig1){ref-type="fig"}. The complex shape of this spectrum indicated that it was a superposition of several component lines. The results of the theoretical deconvolution of this spectrum by theoretical two or three component curves are presented in Figures [2](#fig2){ref-type="fig"}[](#fig3){ref-type="fig"}[](#fig4){ref-type="fig"}[](#fig5){ref-type="fig"}[](#fig6){ref-type="fig"}[](#fig7){ref-type="fig"}--[8](#fig8){ref-type="fig"}. Two component lines for fitting by the sum of two Gaussian lines (GG), two Lorentzian lines (LL), and sum of one Gaussian and one Lorentzian lines (GL) are shown in Figures [2](#fig2){ref-type="fig"}[](#fig3){ref-type="fig"}--[4](#fig4){ref-type="fig"}, respectively. Three component lines for fitting by the sum of three Gaussian lines (GGG), three Lorentzian lines (LLL), the sum of two Gaussian and one Lorentzian lines (GGL), and the sum of one Gaussian and two Lorentzian lines (GLL) are shown in Figures [5](#fig5){ref-type="fig"}[](#fig6){ref-type="fig"}[](#fig7){ref-type="fig"}[](#fig8){ref-type="fig"}--[9](#fig9){ref-type="fig"}, respectively.

The numerical analysis of the spectral shape pointed out that the experimental EPR spectrum of the burn wounds was a superposition of the three lines (Tables [1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}). The best fitting was obtained for the sum of one Gaussian (G1) line and two Lorentzian (L1, L2) lines ([Table 2](#tab2){ref-type="table"}, [Figure 8](#fig8){ref-type="fig"}). Three different groups of radicals existed in the tested samples. These radicals were responsible for Gaussian (G1), Lorentzian (L1), and Lorentzian (L2) lines. It indicated that the tested burn wounds contained three tissue structures with a different resistance to the thermal factor. The high-temperature disrupted chemical bonds in these structures and major radical systems occurred. Unpaired electrons were located in the units consisted of different molecules. Usually, the high thermal resistance characterizes large organic aromatic structures formed by the multiaromatic rings \[[@B25]--[@B27]\]. The aliphatic and the simple aromatic units usually revealed a very low thermal stability \[[@B25]--[@B27]\]. It seems that radicals in the burn wounds were formed by thermal decomposition of all the mentioned chemical structures: large aromatic, simple aromatic, and aliphatic units. All these chemical units existed in tissues \[[@B26], [@B27]\]. The advantages of the proposed numerical spectral analysis consisted in the resolution of the component signals in the complex EPR spectra to determine the number of the group of radicals in the tested thing. The analysis of the changes of the asymmetry parameters of the EPR spectra with the increase of the microwave power confirmed their multicomponent character without the deconvolution to the components \[[@B15], [@B16], [@B28]--[@B33]\].

A different chemical origin of each of the group of radicals was reflected in linewidths (Δ*B*~pp~) of their EPR signals. The parameters of the EPR lines of these groups of radicals are visible in [Table 2](#tab2){ref-type="table"}. The EPR spectrum was deconvoluted to the broad Gaussian (G1) and the broad (L2) and the narrow Lorentzian (L1) lines. The broadest EPR component was the Gaussian (G1) line. Strong dipolar interactions between the unpaired electrons of radicals broadened the EPR component (G1) with Gaussian shape. The broadening dipolar interactions were stronger between the unpaired electrons of radicals with the broadest Gaussian (G1) EPR line than between the radicals with the narrower Lorentzian (L1, L2) line. The relatively stronger dipolar broadening was observed for the broader Lorentzian (L1) line than for the narrower Lorentzian (L2) line. In other works \[[@B34]--[@B36]\], the broad EPR lines for unpaired electrons in multiring carbon organic materials were measured, while the narrow EPR lines were detected for aliphatic and simple aromatic units in carbon materials.

The amplitudes of the EPR components decrease in the following order: broad Gaussian (G1) line \> narrow Lorentzian (L2) line \> broad Lorentzian (L1) line ([Table 2](#tab2){ref-type="table"}). The highest content of the radicals with the narrow Lorentzian (L2) line (41.2%) characterized the examined burn wounds ([Table 2](#tab2){ref-type="table"}). The lowest content of the radicals with the broad Lorentzian (L1) line (26.1%) was found for the tested burn wounds ([Table 2](#tab2){ref-type="table"}). The content of the radicals with the broad Gaussian (G1) line was 32.1% ([Table 2](#tab2){ref-type="table"}). Radicals with the narrow Lorentzian (L2) lines are likely to play an important role in the regeneration process of the burn wounds. These radicals revealed unpaired electrons in the larger aromatic units and probably they will interact with oxygen, oxygen molecules O~2~, and reactive oxygen species. It was proved for organic materials that radicals of such units actively interact with oxygen \[[@B34]\]. These radicals probably will protect the thermally treated tissues from the destruction by reactive oxygen compounds.

This work was a fine example of applying the electron paramagnetic resonance and the numerical procedures of the spectral lineshape analysis for identification of the complex radical system in tissues. The analysis of the total EPR spectra gives only information about the whole radicals system. The performed deconvolution of the resultant EPR spectra to the component lines allowed us to different groups of radicals in the biological samples.

Our findings have significant implications since the healing of the burn wound remains a challenge to modern medicine. Oxidative stress could contribute to secondary tissue impairment and altered immune function after burn traumatic injury. Moreover, the study indicated various groups of radicals arising during the healing process of burn wounds which may modulate the transition of ECM components as well as influence the activity of the components participating in degradation by matrix metalloproteinases, thus contributing to controlling the healing process at cellular level and conditioning the formation of the favorable biochemical environment favoring an effective tissue repair \[[@B13], [@B25]\]. Due to the important implications of radical in burn injury, further studies are needed to characterize the antioxidative defense mechanisms protecting tissues against oxidative damage. Extending biochemical studies concerning the antioxidative activity would be a valuable complement of studies assessing the burn wound healing process which would trigger the preparation of new methods of burn therapy.

4. Conclusions {#sec4}
==============

The numerical study of the lineshape of the complex EPR spectra was a helpful method for identification of the number of different groups of radicals in the burn wounds. These EPR spectra were superposition of three lines: broad Gaussian (G1) line, broad Lorentzian (L1) line, and narrow (L2) Lorentzian line. The modern spectral analysis was proposed. This method additionally gave information about the percentage contents of each type of radicals in the burn wounds. Radicals with weak dipolar interactions responsible for the narrow Lorentzian (L2) line existed mainly in the examined burn wounds.
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![The first-derivative experimental EPR spectrum of the burn wound measured with the low microwave power of 2.2 mW. B---magnetic induction.](OMCL2017-4683102.001){#fig1}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of two Gaussian lines (GG). G---line of Gaussian shape. B---magnetic induction.](OMCL2017-4683102.002){#fig2}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of two Lorentzian lines (LL). L---line of Lorentzian shape. B---magnetic induction.](OMCL2017-4683102.003){#fig3}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of one Gaussian and one Lorentzian lines (GL). G---line of Gaussian shape. L---line of Lorentzian shape. B---magnetic induction.](OMCL2017-4683102.004){#fig4}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of three Gaussian lines (GGG). G---line of Gaussian shape. B---magnetic induction.](OMCL2017-4683102.005){#fig5}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of three Lorentzian lines (LLL). L---line of Lorentzian shape. B---magnetic induction.](OMCL2017-4683102.006){#fig6}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of two Gaussian and one Lorentzian lines (GGL). G---line of Gaussian shape. L---line of Lorentzian shape. B---magnetic induction.](OMCL2017-4683102.007){#fig7}

![The component lines of the experimental EPR spectrum of the burn wounds for its numerical fitting by the sum of one Gaussian and two Lorentzian lines (GLL). G---line of Gaussian shape. L---line of Lorentzian shape. B---magnetic induction.](OMCL2017-4683102.008){#fig8}

![The complex resultant EPR spectrum after reduction of the noise and their Gaussian (G) and Lorentzian (L) component lines. B---magnetic induction. *g*L1, *g*L2, and *g*G1---*g* factors for the component lines.](OMCL2017-4683102.009){#fig9}

###### 

The parameters of the component lines of the EPR spectra of the burn wounds fitted by two (GG, LL, and GL) lines. G---Gaussian line. L---Lorentzian line. *A*---amplitude, Δ*B*~pp~---linewidth. *S*---standard deviation for the fitting.

  Function           Parameters   L1         L2         L3         G1         G2         G3   *S*
  ------------------ ------------ ---------- ---------- ---------- ---------- ---------- ---- -----------
  GG                 *A* (a.u.)   0          0          0          **0.97**   **3.95**   0    **202.8**
  Δ*B*~pp~ (mT)      0            0          0          **3.55**   **0.50**   0               
  Signal power (%)   0            0          0          **62.7**   **37.3**   0               
                                                                                              
  LL                 *A* (a.u.)   **1.74**   **0.34**   0          0          0          0    **245.2**
  Δ*B*~pp~ (mT)      **1.37**     **2.06**   0          0          0          0               
  Signal power (%)   **78.9**     **21.1**   0          0          0          0               
                                                                                              
  GL                 *A* (a.u.)   **0.36**   0          0          **2.86**   0          0    **249.5**
  Δ*B*~pp~ (mT)      **1.87**     0          0          **1.37**   0          0               
  Signal power (%)   **19.7**     0          0          **80.3**   0          0               

###### 

The parameters of the component lines of the EPR spectra of the burn wounds fitted by three (GGG, LLL, GGL, and GLL) lines. G---Gaussian line. L---Lorentzian line. *A*---amplitude, Δ*B*~pp~---linewidth. *S*---standard deviation for the fitting.

  Function           Parameters   L1         L2         L3         G1         G2         G3         *S*
  ------------------ ------------ ---------- ---------- ---------- ---------- ---------- ---------- -----------
  GGG                *A* (a.u.)   0          0          0          **3.82**   **1.92**   **1.71**   **243.3**
  Δ*B*~pp~ (mT)      0            0          0          **1.81**   **2.37**   **2.69**              
  Signal power (%)   0            0          0          **42.5**   **29.1**   **28.4**              
                                                                                                    
  LLL                *A* (a.u.)   **0.64**   **0.98**   **3.31**   0          0          0          **146.3**
  Δ*B*~pp~ (mT)      **1.37**     **1.62**   **0.87**   0          0          0                     
  Signal power (%)   **15.6**     **28.1**   **56.3**   0          0          0                     
                                                                                                    
  LGG                *A* (a.u.)   **0.11**   0          0          **2.5**    **0.42**   0          **149.8**
  Δ*B*~pp~ (mT)      **2.87**     0          0          **1.68**   **4.62**   0                     
  Signal power (%)   **6.5**      0          0          **67.2**   **26.3**   0                     
                                                                                                    
  LLG                *A* (a.u.)   **2.76**   **5.32**   0          **3.35**   0          0          **120.8**
  Δ*B*~pp~ (mT)      **1.0**      **0.75**   0          **1.56**   0          0                     
  Signal power (%)   **26.1**     **41.2**   0          **32.1**   0          0                     
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